THE CAROTENOGENIC PATHWAY
Chlorophylls and carotenoids are formed by plant-specific pathways, and interruption of biosynthesis by inhibitors causes bleaching of cells and plant foliage (4, 25) . Carotenogenesis is affected by many agrochemicals. Carotenoids, namely carotenes and xanthophylls, play an essential role in photosynthesis by protecting chlorophyll against photooxidative destruction by singlet oxygen. This highly reactive oxygen species is formed in excess through excited chlorophyll when the photosynthetic machinery (electron transport and subsequent CO2 assimilation) operates too slowly to accommodate strong light. Protection against singlet 02 is achieved when nine or more double bonds are 'Received for publication February 22, 1990 , and in revised form January 15, 1991.
2Assoc. Prof., former Grad. Student, Grad. Student, and Prof. of Plant Physiol. and Biochem., Univ. Konstanz, Konstanz, Germany. Present address of senior author Lehrstuhl fUr Physiologie und Biochemie der Pflanzen, Universitit Konstanz, D-7750 Konstanz, Germany. present in the carotenoid molecule (13) as is the case with lycopene, 5-carotene, or with the xanthophylls. These molecules physically interact with triplet state chlorophyll and dissipate its energy as heat. If a herbicide prevents carotene and xanthophyll formation, chlorophyll -although formed -will not accumulate either. Consequently leaves emerging after herbicide treatment will be depleted of all colored plastidic pigments.
The mode of action of bleaching herbicides is inhibition of formation of carotenes. Thylakoids having an intact pigment inventory before herbicide treatment are not affected by application of the bleaching herbicide. Typically, bleaching occurs only in newly formed leaves as is well known to herbicide "screeners" in the greenhouse. This phenomenon is in contrast to peroxidative, degradative herbicides like p- 
THE CELL-FREE CAROTENOGENIC SYSTEM
This laboratory was instrumental in developing active carotenogenic cell-free systems demonstrating the site of inhibitors of carotenoid formation along the biosynthetic pathway (9, 26). These systems have used isolated thylakoids from the blue-green algae Aphanocapsa (=Synechocystis) or Anacystis (=Synechococcus) that yield P-carotene and even xanthophylls (5, 10, 23, 27). Chenopodium chloroplasts were also found active. (See Table 3 inside the cell. Thus our cellular algae systems represent reliable assays to determine the inhibitory activity of bleaching herbicides after 1 to 2 days of sterile cultivation (25). Using hexane extracts, the type of t3-carotene precursor accumulated (phytoene, 1-carotene, or lycopene) can be spectroscopically verifi'ed (24). Preliminary information on activity and inhibition site in the biosynthetic pathway is most conveniently generated with the intact algal cell. For enzymological studies, the more complicated cell-free carotenogenic system is applied. The cell-fr-ee system will also have the capacity to reveal whether a herbicide acts on more than one target in the cell as has been shown for fluometuron or fomesafen (4, 24). It should be emphasized that the carotenogenic pathway from mevalonate to f0-carotene was affected identically by various inhibitors for both Aphanocapsa thylakoids and higher plant chloroplasts. Table 1 demonstrates interaction of the fusion-gene antibody with the cell-free carotenogenic system. Using the membrane fraction of Aphanocapsa (part A of Table 1) formation of phytoene and ,B-carotene (and 4-carotene) is not influenced by the antibody. Apparently, it has no access to the reaction site. However, a gentle solubilization with Tween 40 (1%, incubation of membranes for 30 min, 0 C, yielding a supernatant after centrifugation) decreases the control rates and abolishes P-carotene formation, but renders the remaining activity sensitive to the antibody as can be seen by the phytoene accumulation and decreased 14C incorporation into 4-carotene (part B of Table 1 ). The good cross-reactivity of our antibody between purple bacterium and spinach points to an enzyme with a conserved structure. Attempts are underway to isolate the enzyme from spinach, and the long-term goal is identification of the higher plant gene. BamH I restriction fragments obtained from chromosomal DNA of Aphanocapsa PCC 6714 were hybridized with the Rhodobacter PD gene, and a corresponding cyanobacterial gene could be isolated and characterized (30) . Aphanocapsa is the photosynthetic cyanobacterium that yielded the first active carotenogenic thylakoid system described above. 
PHYTOENE DESATURASE INHIBITORS

Several inhibition sites along the carotenogenic pathway have been identified (indicated by horizontal arrows in Figure
MUTANTS RESISTANT TO PHYTOENE
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